We previously demonstrated that coxsackievirus B3 (CVB3) infection upregulated heat shock protein 70 (Hsp70) and promoted CVB3 multiplication. Here, we report the underlying mechanism by which Hsp70 enhances viral RNA translation. By using an Hsp70-overexpressing cell line infected with CVB3, we found that Hsp70 enhanced CVB3 VP1 translation at two stages. First, Hsp70 induced upregulation of VP1 translation at the initiation stage via upregulation of internal ribosome entry site trans-acting factor lupus autoantigen protein and activation of eIF4E binding protein 1, a cap-dependent translation suppressor. Second, we found that Hsp70 increased CVB3 VP1 translation by enhancing translation elongation. This was mediated by the Akt-mammalian target of rapamycin complex 1 signal cascade, which led to the activation of eukaryotic elongation factor 2 via p70S6K-and cell division cycle protein 2 homolog (Cdc2)-mediated phosphorylation and inactivation of eukaryotic elongation factor 2 kinase. We also determined the position of Cdc2 in this signal pathway, indicating that Cdc2 is regulated by mammalian target of rapamycin complex 1. This signal transduction pathway was validated using a number of specific pharmacological inhibitors, short interfering RNAs (siRNAs) and a dominant negative Akt plasmid. Because Hsp70 is a central component of the cellular network of molecular chaperones enhancing viral replication, these data may provide new strategies to limit this viral infection.
CVB3 protein translation hijacks host translational machinery and requires different phases to finish the synthesis of mature proteins.
Translation initiation and elongation are two of the most important phases of the translational process and require a set of nonribosome proteins. Specifically, initiation requires eukaryotic translation initiation factors (eIFs) and eIF binding proteins (e.g., eIF4E binding protein 1 [4EBP1]), whereas elongation requires elongation factors, for example, eukaryotic elongation factor 2 (eEF2). For IRES-driven translation, efficient translation initiation requires specific eIFs, such as death-associated protein 5, as well as IRES trans-acting factors (ITAFs), e.g., lupus autoantigen (La) protein, poly(rC)-binding protein 2 (PCBP2), and pyrimidine tract-binding protein (Flather & Semler, 2015; Hanson et al., 2012; Komar & Hatzoglou, 2011) . Similarly, specific eEFs are critical during translation elongation for both cap-dependent and IRES-driven translation, including eEF2, which mediates the growth of the peptide chain, whereby polypeptidyl-tRNAs move from the A to the P site of the ribosome (Carlberg, Nilsson, & Nygard, 1990) .
Activity of eEF2 is inhibited by phosphorylation, which is tightly regulated by its direct upstream eEF2 kinase (eEF2K) during cellular stresses. Activity of eEF2K is also modulated by phosphorylation via different signaling pathways and is positively regulated by AMPactivated protein kinase and negatively regulated by Akt-mammalian target of rapamycin complex 1 (mTORC1; Proud, 2007) .
In order to develop effective treatments for diseases caused by CVB3, it is important to determine what factors regulate CVB3 replication. The inducible heat shock 70 kDa protein (Hsp70) is a key member (upper panel) and La siRNAs or scrambled siRNAs. The Renilla luciferase activity in each group was set as 1 and the firefly luciferase activity was normalized against it, n = 3, **p < .01 (middle panel). The activity of La was further verified by detecting VP1 translation (lower panel). HeLa cells were transfected with La siRNAs or scrambled siRNAs and then infected with CVB3 or sham-infected with phosphate-buffered saline. Western blot was conducted using indicated antibodies of the cellular chaperone system and is involved in the response to various cellular stresses (Snoeckx, Cornelussen, Van Nieuwenhoven, Reneman, & Van Der Vusse, 2001) . Prior work suggests that Hsp70 is increased in viral infection (Iordanskiy et al., 2004) and can positively or negatively regulate the viral life cycle (Agostini et al., 2000; Choukhi, Ung, Wychowski, & Dubuisson, 1998; Oglesbee, Kenney, Kenney, & Krakowka, 1993; Oh & Song, 2006) . Similar to CVB3 genomic RNA, Hsp70 mRNA also contains an IRES element within its 5′UTR (Rubtsova et al., 2003) , which makes it possible for Hsp70 to be translated during CVB3 infection when the cap-dependent translation is compromised. The most common isoforms of Hsp70 gene are Hsp70-1 and Hsp70-2, which share high sequence homogy but are regulated differently by distinct promoters and enhancers. Our recent study showed that Hsp70 expression was upregulated during CVB3 infection due to enhanced transcription of Hsp70-1, which in turn facilitated CVB3 replication by stabilizing the CVB3 genome ; however, how the Hsp70-induced cellular signaling cascade contributes to CVB3 replication at the translational level has not been determined.
The goal of this study was to use an Hsp70-1 overexpressing cell line (named Hsp70 cell) to determine the underlying mechanism by which Hsp70 expression enhances CVB3 VP1 synthesis at multiple steps of translation. First, we found that Hsp70 expression enhanced expression of La autoantigen. Second, we identified PI3 kinase (PI3K)/Akt-mTORC1 as the signaling pathway that led to activation (dephosphorylation) of eEF2 and the subsequent promotion of translation elongation. Activation of eEF2 was mediated by the inactivation (phosphorylation) of eEF2K by the 70 kDa ribosomal protein S6 kinase 1 (p70S6K) and cell division cycle protein 2 homolog (Cdc2, also named Cdk1). We also clarified the position of Cdc2 in this Hsp70-mediated signal pathway, determining that Cdc2 is regulated by mTORC1. In addition, we also unexpectedly showed that mTORC1 activation induced differential phosphorylation of three isoforms of 4EBP1 in Hsp70 cells, positively contributing to the IRES-driven translation initiation of viral RNA.
| RESULTS

| Hsp70 induces upregulation of La protein in both CVB3-infected and noninfected cells
To reveal the underlying mechanisms by which Hsp70 expression enhances CVB3 replication by modulating translation of the viral IRES-containing RNA genome, we first focused on the translation initiation step, a major rate-limiting phase tightly controlled by many factors, such as ITAFs (Hanson et al., 2012; Komar & Hatzoglou, 2011) .
To this end, a HeLa cell line stably overexpressing the eGFP-Hsp70 protein was established by plasmid transfection (see Figure 1a To further confirm the La-regulated promotion of IRES-driven translation, we performed transfactor La activity assay using a bicistronic luciferase reporter plasmid, which has an insertion of the CVB3 5′UTR/IRES between the Renilla and firefly luciferase cistrons. Figure 1d shows that cotransfection of cells with luciferase reporter and La siRNAs only decreased the downstream reporter firefly luciferase activity. We further verified the data by Western blot to detect the effect of La protein on viral VP1 production after silencing La with specific siRNAs. These data suggest that La protein regulates protein translation under the control of CVB3 IRES.
| Hsp70 expression activates eEF2 and leads to increased VP1 translation
Protein translation elongation is another important step that regulates protein synthesis. To determine whether Hsp70 expression could induce activation of eEF2, a factor required for protein translation elongation, Hsp70 cells and vector cells were infected with CVB3 or sham-infected with PBS for 4-6 hr. Next, cell lysates were collected for Western blot analysis of VP1 and phosphorylation of eEF2. Figure 2a demonstrates that Hsp70 expression induced dephosphorylation of eEF2 (i.e., decreased the level of phosphorylated eEF2 [peEF2] ) at Thr56, which activates eEF2 according to previous studies (Proud, 2007) , resulting in promotion of CVB3 VP1 production. peEF2 and VP1 were quantified by densitometry analysis, normalized to their controls and presented as mean ± SD (lower panels, n = 3, p < .05). The production of CVB3 progeny particles was measured by plaque assay (Figure 2b ). These data imply that Hsp70 promotes VP1 production likely via enhancing translation elongation.
2.3 | Hsp70-induced activation of eEF2 is through the Akt-mTORC1 signalling cascade
To identify the survival signal pathway that activated eEF2 during CVB3 infection in Hsp70 cells, we determined the phosphorylation and activation of signal proteins including Akt, 40 kDa pro-rich Akt substrate (PRAS40, also known as Akt1S1), and mTORC1, after infection of Hsp70 cells and vector cells with CVB3. PRAS40 is a suppressor of mTORC1. Thus, phosphorylation of PRAS40 by Akt at Thr246 inhibits PRAS40 binding to mTORC1, resulting in mTROC1 activation (Sancak et al., 2007) . Our data demonstrated that Hsp70 expression induced by CVB3 infection as compared to that induced by Hsp70 alone, which masks the differences. The decrease of Akt-mTORC1 signal activity led to an increased level of p-eEF2, and decreased level of VP1, compared to their control cells (Figure 3b ), suggesting that Hsp70 expression activates the Akt-mTORC1 signal and leads to the activation of eEF2.
Because there are many cross-links between PI3K complex I and PI3K complex III (also called Vps34) pathways (Backer, 2008) , to determine whether complex III influences CVB3 replication, we treated the cells with siRNAs to silenceVps34 and then infected with CVB3 or sham-infected with PBS. At 4-and 6-hr pi, cell lysates were used to detect the effect on downstream signal activation. Figure 3c shows that silencing Vps34 expression inhibited downstream Akt signal and eventually led to the suppression of eEF2 activity and inhibition of VP1 translation, suggesting that PI3K III also plays a positive role in CVB3 replication.
2.4 | Hsp70-induced Akt-mTORC1 activation leads to activation of p70S6K p70S6K plays an important role in bridging signal transduction from the Akt-mTORC1 cascade to the phosphorylation (inactivation) of eEF2K at Ser366 (p-eEF2K), the only known upstream kinase of eEF2, during normal cell growth conditions (Wang et al., 2001 ). This process leads to activation of eEF2 and promotion of translation elongation (Browne & Proud, 2002; Smith & Proud, 2008) . To determine whether Hsp70 expression can activate this pathway, Hsp70 cells and vector cells were infected or sham-infected as described above. Cell lysates were extracted for Western blot analysis of signal proteins involved in the PI3K/Akt-mTORC1 pathway and its downstream mediator p70S6K. Our data showed that this survival pathway was activated by Hsp70 expression, which was evidenced by increased phosphorylation (activation) of p70S6K (p-p70S6K) following the phosphorylation of Akt and mTORC1 compared to the control cells (Figure 4a ). This activation of p70S6K in turn led to FIGURE 2 Heat shock protein 70 (Hsp70) expression activates eukaryotic elongation factor 2 (eEF2) and promotes VP1 translation. (a) Hsp70 cells and vector cells were infected with coxsackievirus B3 (CVB3) or sham-infected with phosphate-buffered saline as described in Figure 1c . Cell lysates were collected at the indicated time points pi for Western blot analyses of p-eEF2 and VP1. β-Actin was used as a loading control. The expression levels of p-eEF2 and VP1 were quantified and normalized against total eEF2 and β-actin respective by densitometry analyses of data from three repeated experiments using the NIH ImageJ program (n = 3, P < .01) (lower panels). (b) Viral titers were detected by plaque assays using the culture supernatants and pellets obtained from (a). The plaque image is a representative of three independent experiments, n = 3, P < .01 phosphorylation of eEF2K (Ser366), dephosphorylation of eEF2 Figure 1 . Activation of signal proteins in Akt-mTOR cascade were detected by Western blot using indicated antibodies. Quantification of phosphorylation of PRAS40 (p-PRAS40) was conducted as described in Figure 2 (lower panel). (b) HeLa cells were treated with siRNA targeting Hsp70 (siHsp70) or scrambled siRNA (siScr) for 36 hr and then infected with coxsackievirus B3 (CVB3) or sham-infected with phosphate-buffered saline. The inhibition of endogenous Hsp70 expression and its effect on activation of signal proteins in the Akt-mTOR cascade were detected by Western blot. β-Actin served as a loading control. The signal quantification was conducted as described in Figure 2 (right panel). (c) Hsp70 cells were transfected with siRNAs targeting PI3K III (si-III) and then infected or sham infected as described in (a). At the 4-and 6-hr pi, signal activation and VP1 were detected using indicated antibodies. Quantification of the bands was done as described in Figure 2 (right panel) of eEF2K ( Figure 4d ). All these experiments finally resulted in the increased phosphorylation (inactivation) of eEF2 and decreased translation of VP1 production.
| Cdc2 is also involved in Akt-mTOR pathway leading to activation of eEF2 in Hsp70 cells
Increasing evidence suggests that Cdc2 is the target of viral infection, which modulates host cell cycle machinery to benefit viral survival or replication (Davy & Doorbar, 2007) . The crucial step for Cdc2 activation appears to be the dephosphorylation at Thr14 or Tyr15 of this kinase (Norbury, Blow, & Nurse, 1991) . Previous reports also indicate that Cdc2, like p70S6K1, plays an important role in Akt-mTOR-mediated activation of eEF2K via phosphorylating at Ser359 (Smith & Proud, 2008 ), which in turn promotes translation elongation. To determine whether Cdc2 plays a similar role in promoting CVB3 VP1 translation in Hsp70 cells, we first conducted experiments using CVB3-infected and sham-infected Hsp70 cells to detect the phosphorylation status of Cdc2, eEF2K, and eEF2. Data showed that Hsp70 expression activated (dephosphorylated) Cdc2 at Tyr15 in both CVB3-infected and sham-infected cells, compared to vector cells (Figure 5a ). This activation of Cdc2 further induced phosphorylation (inactivation) of eEF2K at Ser359. In parallel, p-eEF2 level was also deceased in Hsp70 cells.
We further validated this by conducting two additional experiments.
FIGURE 4 Heat shock protein 70 (Hsp70)-induced Akt-mammalian target of rapamycin (mTOR) activation leads to activation of ribosomal protein S6 kinase 1 (p70S6K). (a) Hsp70 cells and vector cells were infected with coxsackievirus B3 (CVB3) or sham-infected with phosphate-buffered saline (PBS). Cell lysates were subjected to Western blot analyses of phosphorylation of p70S6K and eEF2 kinase (eEF2K) as well as dephosphorylation of eukaryotic elongation factor 2 (eEF2) following the activation of Akt-mTOR signal cascade. β-Actin served as a loading control. (b) HeLa cells were transfected with Hsp70 siRNA or scrambled siRNAs, followed by infection with CVB3 or sham-infection with PBS. Western blot analyses of the signal proteins were conducted as described in (a). Quantitation of p-eEF2K was conducted as described in Figure 2 (lower panel). (c) Hsp70 cells were treated with a PI3K inhibitor LY294002 or DMSO vehicle and then infected with CVB3 or sham-infected with PBS. At 4-hr pi, Western blot was conducted to determine the levels of phosphorylation of Akt, p70S6K, and eEF2. (d) Hsp70 cells were transfected with the wild-type or mutant peEF2K (Ser366Ala) plasmid for 36 hr and then infected with CVB3 or sham-infected with PBS. At 4-and 6-hr pi, Western blot analyses were conducted using indicated antibodies. Quantification of p-eEF2 and VP1 was conducted as described in Figure 2 (lower panel) Cell division cycle protein 2 homolog (Cdc2) is regulated by Akt-mammalian target of rapamycin (mTOR) pathway leading to activation of eukaryotic elongation factor 2 (eEF2). (a) Cdc2 cell line was established by transfection of HeLa cells with pCMV-cdc2-HA plasmid or pCMV vector (control). These cells were infected with coxsackievirus B3 (CVB3) for 4 or 6 hr or sham-infected with PBS. Phosphorylation of Cdc2 and eEF2 as well as VP1 production was determined by Western blot analysis. Quantitation of p-Cdc2 and p-eEF2 was conducted by densitometry analyses as described in Figure 2 At 4-and 6-hr pi, Western blot was conducted to detect p-mTOR, p-Cdc2, and other proteins using indicated antibodies. Quantitation of p-Cdc2, p-eEF2, and VP1 was carried out by densitometry analysis as described in Figure 2 (lower panels) First, we determined that silencing endogenous Hsp70 expression in HeLa cells with siRNA increased phosphorylation of Cdc2 (p-Cdc2) compared to treatment with scrambled siRNAs (Figure 5b) . Second, inhibiting Hsp70 activity with quercetin, a chemical compound that blocks the Hsp70 signal (Hosokawa et al., 1990) , for 18 hr suppressed Hsp70-induced dephosphorylation and activation of Cdc2 in both the CVB3-infected HeLa cells (Figure 5c ) and Hsp70 cells (Figure 5d ). These data suggest that Hsp70 expression actives Cdc2. It is worth mentioning that initially we planned to conduct a third experiment by mutation of phosphorylation site Tyr15 to verify our data. However, a previous report discouraged our plan because it indicates that Cdc2 kinase has two phosphorylation sites (Tyr15 and Thr14) and that upon mutation at one or both Cdc2 can be activated by association with its partner protein cyclin B (Norbury et al., 1991) . Accordingly, it is not necessary for us to repeat this mutation experiment.
| Cdc2 is regulated by mTORC1 signalling cascade
Because it is still unclear whether mTORC1 activates Cdc2 or Cdc2 To further verify that Cdc2 is an important mediator and determine its position relative to mTORC1 in this signal axis, we performed two additional experiments. First, we treated HeLa cells with rapamycin, a mTOR inhibitor, and then infected them with CVB3. By Western blot analysis, we found that 100nM rapamycin suppressed the mTORC1 FIGURE 6 (Continued) signal and reduced Cdc2 activity (increased p-Cdc2 level), leading to the increased phosphorylation of eEF2 and decreased VP1 production ( Figure 6c ). Second, we treated Hsp70 cells for 12 hr with different concentrations of olomoucine, a selective Cdc2 inhibitor that blocks the cell cycle transition at the G2/M phase (Abraham et al., 1995; Korinkova, Cwiertka, Paprskarova, Dzubak, & Hajduch, 2010; Vesely et al., 1994) , and then infected with CVB3. Western blot analysis showed that 50μM olomoucine treatment in Hsp70 cells increased p-Cdc2 to a level similar to that of the vector cells (Figure 6d ), indicating that this concentration of olomoucine effectively inhibits Cdc2 activity. Using this concentration, we next determined the upstream or downstream position of Cdc2 relative to mTORC1 by inhibiting Cdc2 with olomoucine. Inhibition of Cdc2 with olonoucine failed to suppress phosphorylation of mTORC1, but did suppress phosphorylation of eEF2K (Ser395), and subsequently inactivated eEF2 and decreased VP1 synthesis (Figure 6e ). These data suggest that mTORC1 is likely located upstream of Cdc2 and regulates Cdc2 activity and that Hsp70-induced and AktmTOR-mediated promotion of VP1 translation also depends on Cdc2 activation in addition to p70S6K phosphorylation.
| Hsp70 increases VP1 production via promotion of eEF2K-mediated translation elongation
Having confirmed that eEF2 is dephosphorylated and activated, leading to increased VP1 production in Hsp70 cells, we next further verified that Hsp70-induced promotion of VP1 synthesis is through activation of the eEF2K-eEF2 signal axis. In this experiment, Hsp70 cells were transiently transfected with a plasmid overexpressing FlageEF2K. At 36-hr post transfection, the cells were infected with CVB3 or sham-infected with PBS for 4-6 hr. Western blot showed that the overexpression of eEF2K resulted in increased phosphorylation level of its substrate eEF2 and in turn reduced VP1 synthesis compared to vector-transfected Hsp70 cells. This result was further solidified by an experiment using the eEF2 inhibitor NH125 (Chen et al., 2011) .
Treatment with NH125 induced eEF2 phosphorylation (inactivation) and decreased VP1 synthesis compared to the control cells treated with dymethyl sulfoxide (DMSO) (Figure 7b ). This indicates that eEF2K mediates the Hsp70-induced promotion of VP1 translation elongation through phosphorylation of eEF2.
2.8 | Hsp70-induced dephosphorylation of 4EBP1 benefits cap-independent translation initiation of CVB3 RNA 4EBP1 is involved in positive regulation of cap-dependent translation by mTORC1-catalyzed phosphorylation and dissociation from capbinding protein eIF4E, which benefits formation of the 48S translation preinitiation complex (Hay & Sonenberg, 2004; Pause et al., 1994) .
4EBP1 contains three isoforms, α, β, and γ, which binds to eIF4E with FIGURE 7 Heat shock protein 70 (Hsp70)-induced increase of VP1 production is via the eEF2K-eEF2 signal axis. (a) Hsp70 cells were transiently transfected with a plasmid expressing Flag-eEF2 kinase for 36 hr and then infected with coxsackievirus B3 (CVB3) or sham-infected with PBS. Western blot analyses were conducted to detect phosphorylation of eEF2 and other signals using indicated antibodies. (b) Hsp70 cells were treated with eEF2 inhibitor NH125 or DMSO (-, vehicle) for 30 m and then infected with CVB3 or sham-infected with PBS. P-eEF2 and VP1 were detected by Western blot analysis. Quantitation of p-eEF2 and VP1 in (a) and (b) was conducted as described in Figure 2 (lower panels) different affinity upon dephosphorylation (Carlberg et al., 1990) (Chen et al., 2010; Lahaye, Vidy, Fouquet, & Blondel, 2012; Ye et al., 2013; Zhang et al., 2015) . In contrast, the suppressive role of Hsp70 seems to occur through many different mechanisms, such as inhibiting the activity of ribonucleoprotein in the influenza A virus (Li, Zhang, Tong, Liu, & Ye, 2011) , affecting the phosphorylation of cyclindependent kinase 9 to suppress transcription elongation in the human immunodeficiency virus 1 (HIV-1; Salerno et al., 2007) , regulating the degradation of phosphoprotein in the mumps virus (Katoh et al., 2015) , and inducing type I interferon-dependent antiviral immunity in the measles virus and the vesicular stomatitis virus (Kim et al., 2013a; Kim et al., 2013b) . In this study, we found that Hsp70 expression enhances CVB3 replication by promoting viral protein translation. In search for the underlying mechanisms, we found that Hsp70 promotes CVB3 protein translation at both the translation initiation and elongation stages.
Translation initiation is one of the rate-limiting stages, which requires canonical and noncanonical translation initiation factors as well as many other cofactors for the assembly of the preinitiation complex. Because CVB3 genome RNA is translated by an IRES-driven mechanism, in addition to competition with cellular mRNAs for translational machinery, it also needs ITAFs for cap-independent translation initiation. Our findings verified this notion by demonstrating that La protein, a known ITAF, was upregulated in Hsp70 expressing cells (Figure 1c) . We also detected other ITAFs, pyrimidine tract-binding protein, and PCBP2; however, because these proteins can be cleaved by enterovirus proteases and caspase 3 during infection (Back, Shin, & Jang, 2002; Chase, Daijogo, & Semler, 2014) , we failed to show a satisfied result on upregulation of these ITAFs (data not shown).
ITAFs are RNA-binding proteins and capable of interacting with an IRES to alter its higher order structure to facilitate entry of translational machinery (Komar & Hatzoglou, 2011) . La protein has been implicated in having a role in cap-independent translation of CVB3 and poliovirus by binding the viral IRES (Costa-Mattioli, Svitkin, & Sonenberg, 2004; Ray & Das, 2002) . A recent study further indicates that La protein and other factors can bind to the 5′ and 3′UTRs to facilitate the circularization of CVB3 genomic RNA, a structure required for translation and replication initiation (Souii, M'Hadheb-Gharbi, & Gharbi, 2015) . In this study, we demonstrated that La protein was increased in cytoplasm of Hsp70 cells compared to that in vector cells (Figure 1c) , which may be attributed to the Hsp70-mediated upregulation of ITAF translation and the blockage of its nuclear import and/or increase of efflux from the nucleus upon the disruption of the nuclear pore complex by viral proteases (Flather & Semler, 2015) . In any cases, the increased concentration of La protein in cytoplasm will enhance viral IRES-dependent translation.
CVB3 infection shuts down host cellular mRNA translation, which benefits viral RNA translation. This implies a transition from capdependent to IRES-dependent translation initiation. To determine whether Hsp70 plays a role in this transition, we detected the expression and phosphorylation of 4EBP1, a protein involved in the translational switch between cap-dependent and cap-independent translation, depending on its phosphorylation status. When nonphosphorylated (or hypophosphorylated), 4EBP1 can bind the cap-binding protein eIF4E to block its binding to eIF4G, and the cap structure at the 5′ terminus of mRNA, to form the preinitiation complex (Pause et al., 1994) . When phosphorylated by mTORC1, it dissociates from eIF4E, allowing the recruitment of eIF4G and other factors to the 5′end of mRNA to form the preinitiation complex for cap-dependent translation (Gingras, Raught, & Sonenberg, 2001; Hay & Sonenberg, 2004) . There are three isoforms of 4EBP1: α, β, and γ.
In this study, we showed that Hsp70 activated the Akt-mTORC1 signal. We expected that 4EBP1 would be inactivated by phosphorylation and would thus enhance cap-dependent translation initiation. Surprisingly, our data showed that Hsp70 expression induced dephosphorylation of the 4EBP1α (an isoform with strong binding activity to eIF4E) and γ (does not bind eIF4E) and only weakly phosphorylated the β isoform (with low affinity to eIF4E) although the p-4EBP1-γ level had a transient increase at 4-hr pi (Figure 8) , which is probably due to the cellular stress condition caused by CVB3 infection and the upregulation of cellular chaperone protein Hsp70. This observation on phosphorylation status of different isoforms is similar to those obtained from experiments using serum starved and Myr-Akt transfected Rat1a cells (Gingras et al., 1998) . Overall, the completely dephosphorylation of isoform α and hypophosphorylation of β and γ isoforms may allow them to tightly bind eIF4E, resulting in suppression of cap-dependent translation and promotion of CVB3 translation.
Translation elongation is another rate-limiting phase of protein synthesis, which is promoted by the dephosphorylation and activation of eEF2. In CVB3-infected Hsp70 cells, we found a correlation between increased CVB3 VP1 protein production and a decreased level of p-eEF2 (Figure 2 ), suggesting that Hsp70-induced promotion of CVB3 protein translation also occurs through translation elongation.
The activity of eEF2 is inactivated by phosphorylation, which is tightly regulated by its direct upstream eEF2K during cellular stress conditions. Activity of eEF2K is also modulated by phosphorylation via different signalling pathways (Proud, 2007) . In identifying the signal cascades leading to the phosphorylation and inactivation of eEF2K, we first found that Hsp70 activated Akt-mTOR pathway (Figure 3) and further linked the Akt-mTORC1 to p70S6K, resulting in the phosphorylation of eEF2K at Ser366 (Figure 4a ). In addition, we found that mTORC1 also activated Cdc2 (Figure 6 ). However, inhibition of Cdc2 with inhibitor did not affect mTORC1 activity, implying that Cdc2 may be a downstream signal protein of mTORC1. This data is consistent with a previous report (Smith & Proud, 2008) . Another study reported that during cell mitosis Cdc2 phosphorylates raptor, a binding partner or inhibitor of mTORC1 and thus promotes mTORC1 activity and IRES-driven translation (Ramirez-Valle et al., 2010) . Nevertheless, another report indicates that phosphorylation of raptor by Cdc2 does not significantly change the composition of mTORC1 nor the ability of mTOR to signal downstream substrates (Gwinn, Asara, & Shaw, 2010) . This inconsistence may be due to the distinct experimental systems used for these studies.
We further found that mTORC1 activated Cdc2 by dephosphorylation at Tyr15, leading to phosphorylation of eEF2K at Ser359 (Figure 5a ). This result is in line with that obtained from a study using an amino acid-fed cell model (Smith & Proud, 2008 glutamine and 10% fetal bovine serum (FBS; Clontech). CVB3 (Kandolf strain) was propagated in HeLa cells. Virus stock was prepared from the infected cells by three cycles of freeze-thaw followed by centrifugation to remove cell debris and stored at −80°C. These viral particles were used to infect HeLa cells at 10 multiplicity of infection for 5 hr or sham infected with PBS. These conditions were used throughout this study unless otherwise specified.
| Site-directed mutagenesis of phosphorylation sites
The wild-type plasmid of human peEF2K-Flag is a kind gift from Dr. Gabriel Leprivier, BC Cancer Agency, Vancouver, and Canada.
Mutation of Ser366 to Ala366 in eEF2K was achieved by polymerase chain reaction (PCR)-mediated site-directed mutagenesis using primers (Table 1) , and the plasmid as a template following the standard procedure (Kunkel, 1985) . The amplified mutant plasmid was transformed to Escherichia coli DH5α competent cells and selected with 50 μg/ml ampicillin (Sigma). The positive clones were used for plasmid extraction. The mutation was verified by DNA sequencing using specific sequencing primers (Table 1) 
| Reporter construction and dual luciferase assay
DNA fragments of CVB3 5′UTR were amplified by PCR using specific primers (Table 1) 
| Western blot analysis
Cell cultures prepared for detection of phosphorylation signals were serum-starved at least 2 hr before performing the experiments.
Western blotting was conducted by standard protocols as described previously . The blots were probed with one of the following primary antibodies: monoclonal anti-mouse β-actin 
| Virus plaque assay
Virus titers were determined by plaque assay as described previously (Zhang et al., 2010) . 
| Statistical analysis
The Student's t test was employed to analyze the data. The results are expressed as means ± standard deviations (SD) of three independent experiments. A p value less than .05 was considered statistically significant. The primers for cloning, mutagenesis, and sequencing are listed. Restriction sites are underlined, and mutation sites are in bold.
Note. CVB3 = coxsackievirus B3.
